It has been shown that reflected waves affect the shape and magnitude of the arterial pressure waveform, and that reflected waves have physiological and clinical prognostic values. In general the reflection coefficient is defined as the ratio of the energy of the reflected to the incident wave. Since pressure has the units of energy per unit volume, arterial reflection coefficient are traditionally defined as the ratio of reflected to the incident pressure. We demonstrate that this approach maybe prone to inaccuracies when applied locally. One of the main objectives of this work is to examine the possibility of using wave intensity, which has units of energy flux per unit area, to determine the reflection coefficient. We used an in vitro experimental setting with a single inlet tube joined to a second tube with different properties to form a single reflection site. The second tube was long enough to ensure that reflections from its outlet did not obscure the interactions of the initial wave. We generated an approximately half sinusoidal wave at the inlet of the tube and took measurements of pressure and flow along the tube. We calculated the reflection coefficient using wave intensity (R dI and R dI 0.5 ) and wave energy (R I and R I 0.5 ) as well as the measured pressure (R dP ) and compared these results with the reflection coefficient calculated theoretically based on the mechanical properties of the tubes.
Abstract
It has been shown that reflected waves affect the shape and magnitude of the arterial pressure waveform, and that reflected waves have physiological and clinical prognostic values. In general the reflection coefficient is defined as the ratio of the energy of the reflected to the incident wave. Since pressure has the units of energy per unit volume, arterial reflection coefficient are traditionally defined as the ratio of reflected to the incident pressure. We demonstrate that this approach maybe prone to inaccuracies when applied locally. One of the main objectives of this work is to examine the possibility of using wave intensity, which has units of energy flux per unit area, to determine the reflection coefficient. We used an in vitro experimental setting with a single inlet tube joined to a second tube with different properties to form a single reflection site. The second tube was long enough to ensure that reflections from its outlet did not obscure the interactions of the initial wave. We generated an approximately half sinusoidal wave at the inlet of the tube and took measurements of pressure and flow along the tube. We calculated the reflection coefficient using wave intensity (R dI and R dI 0.5 ) and wave energy (R I and R I 0.5 ) as well as the measured pressure (R dP ) and compared these results with the reflection coefficient calculated theoretically based on the mechanical properties of the tubes.
The experimental results show that the reflection coefficients determined by all the techniques we studied increased or decreased with distance from the reflection site, depending on the type of reflection. In our experiments, R dP , R dI 0.5 and R I 0.5 are the most reliable parameters to measure the mean reflection coefficient, whilst R dI and R I provide the best measure of the local reflection coefficient, closest to the reflection site. Additional work with bifurcations, tapered tubes and in vivo experiments are needed to further understand, validate the method and assess its potential clinical use.
Introduction
Earlier work has shown that arterial reflected waves affect the morphology of the arterial pressure waveform in the ascending aorta (Westerhof et al., 1972 , Murgo et al., 1980 , Khir and Parker 2005 . Also, it has been shown that physiological wave reflections have known clinical importance since they contribute to the increase in systolic pressure as seen with the ageing population and hypertensive patients (O'Rourke and Mancia, 1999; Westerhof and O'Rourke, 1995) . Further, the timing and magnitude of wave reflection are related to left ventricular relaxation (Yano et al., 2001) , vascular stiffness (McEniery et al., 2005) and coronary artery disease (Lekakis, et al., 2006) . Furthermore, reflected compression waves arriving to the ascending aorta during systole may increase left ventricular (LV) mechanical work and oxygen demands (O'Rourke and Hashimoto, 2007) .
Several techniques have been proposed to quantify the arrival time and magnitude of arterial wave reflection. Murgo et al. (1980) introduced the augmentation index (AIx), although several investigators questioned the capability of this technique to quantify the magnitude of the reflected waves (Westerhof et al., 2006; Lemogoum et al., 2004; McEniery et al., 2005; Segers et al., 2007; Kips et al., 2009; Khir et al., 2006) . Further, Westerhof et al., (1972) using a frequency domain technique; impedance analysis, and Parker and Jones (1990) using a time domain technique; wave intensity analysis (WIA) introduced methods based on the simultaneous measurement of pressure and flow at the same site to separate the measured pressure waveform into its forward and backward components and use them to calculate the magnitude of reflection. The results of the two methods are remarkably similar ) and this wave separation analysis has been considered the gold standard method to assess wave reflection (Nichols and O'Rourke, 2005, Westerhof et al., 2004) .
In wave mechanics of fields such as optics and acoustics, the reflection coefficient is defined as the ratio of the energies of the reflected to the incident wave (Lighthill, 1978) . However, in arterial wave mechanics the reflection coefficient for waves is generally defined simply as the ratio of the reflected to the incident pressure wave, since pressure has the units of energy per unit volume. Notwithstanding, there are problems with this approach. For pressure waveforms with a duration T, the 'length' of a wave is equal to cT where c is the wave speed. In the arteries, for example, wave speeds are typically of the order of 10 m/s and the duration of systole is typically 0.3 s, which means that the length of the systolic pressure wave is 3 m; much longer than the length of the aorta. As a result, the forward incident wave and the backward reflected wave overlap giving rise to a complex summation waveform, which may obscure the accurate determination of the reflection coefficient. Hence, it appeared reasonable to replicate the concepts used in the fields of acoustics and optics, and attempt to use an energy-based approach in studying the reflection coefficient in fluid-filled flexible tubes.
Although investigating the use of WIA to quantify the reflection coefficient at discontinuities was carried out computationally (Mynard et al., 2008) , experimental validation is lacking. Therefore, the main objective of this study is to investigate whether WIA can be used to determine the local reflection coefficient experimentally in vitro. We also aim to compare the experimental results to the theoretical values obtained using the mechanical properties of the tubes, and to the general definition of reflection coefficient using the measured pressure.
Methods

Experimental setup
The general experimental setup of this work is shown in Figure 1 and a description of the individual elements follows.
Tubes:
In this work we used one "mother" silicon tube, which is 3 m long, 10 mm internal diameter and 1 mm wall thickness, and 6 "daughter" tubes of different sizes and materials, each 14 m long. These lengths were needed to allow for investigating a single reflection generated at the discontinuity between the mother and daughter tubes without the added complexity introduced by reflections from the end of the daughter tube. The daughter tubes were connected with the mother tube to form six sets, providing three positive and three negative reflection coefficients. For example, set A indicates the connection of mother tube with daughter tube A. The details of the daughter tubes used in this work are shown in Table 1 . Daughter tubes A, B, C, and D were connected directly to the mother tube by overlapping ~ 1cm length of the inlet of each daughter tube over the outlet of the mother tube, no connector used. Daughter tubes E, F were connected to the mother tube by overlapping the inlet of each over a short connecting tube of ~ 2cm length, which in turn was connected to the mother tube, also through overlapping. The mother tube and each of the daughter tubes are uniform in both dimension and mechanical properties along its length. The mother tube was fully immersed in a water tank, where the water level was approximately 1 cm above its upper wall. All tubes were kept in the horizontal position.
Pump: The inlet of the mother tube was connected to a piston pump, which generated a reproducible approximately semi-sinusoidal single pulse wave with the piston moving forward from the bottom to top dead centre. The cylinder of the pump is 5cm in diameter and the stroke of the piston is 2cm; giving a displaced volume of approximately 40ml.
Reservoirs: The inlet of the mother tube and outlet of each of the daughter tubes were connected to an inlet and outlet reservoirs, respectively. The inlet and outlet reservoirs were connected and the height of the fluid in the reservoirs was adjusted to 10 cm above the longitudinal axis of the tube; producing an initial hydrostatic pressure of 1 kPa. The differences in mean transmural pressure for different-sized tubes were negligible. A one-way valve was placed between the outlet of reservoir and inlet of the mother tube, as shown in Figure 1 , to ensure the whole of the displaced volume flowed into the mother tube.
Measurements: Simultaneous pressure and flow waveforms were measured at the same axial locations in the mother tube. Because the pressure catheter was only 1.2 m long, measurements were made every 10 cm from the inlet via the inlet connection and every 10 cm from the outlet via the outlet connector. Additional measurements were made every 5 cm in the 20 cm closest to the reflection site at the outlet of the mother tube. For each measurement of pressure and flow in the mother tube, the pressure was also measured in the daughter tube 10 cm downstream of the reflection site using another pressure catheter introduced through the Y junction connector, no stopcock in the connector.
Pressure and flow were measured respectively using a 6F pressure transducer tipped catheter (Millar Instruments Inc., Houston, Texas, USA) and ultrasonic flow probe (Transonic System, Inc, Ithaca, NY, USA). External diameter and wall thicknesses of the tubes were measured using a digital calliper. All the data were acquired at a sampling rate of 500 Hz using Sonolab (Sonometrics Corporation, London, Ontario, Canada). Data analysis was carried out using programs written in Matlab (The Mathworks, Natick, MA, USA).
Theoretical reflection coefficient
For flexible tubes and arteries where the flow velocity (U) is generally much lower than the wave speed (c), the theoretical reflection coefficient (R) of a junction is a function of the sectional area (A), and wave speed (c) of the mother and the daughter tubes, and the fluid density. For a single junction R can be calculated as
Where Z is the impedance of the vessel, (2)
Wave intensity analysis
Wave intensity analysis considers a waveform to be made of infinitesimal wave fronts (Parker and Jones, 1990 ) and the intensity carried by the wave can be calculated as (3) where dP and dU are respectively the pressure and velocity changes across the wave front. If c and  are known, dI can be separated into the forward (+) and backward (-) intensities using dP and dU calculated from the measured P and U,
The energy carried by forward (+) and backward (-) running waves can be obtained by integrating equation (4) over the duration of the wave.
where T is the duration of the wave. An example of the measured pressure and calculated wave intensity is shown in Figure 2 .
Calculation of reflection coefficients
We tested 5 different techniques of calculating the reflection coefficient 1) R dP -ratio of peak pressures
The ratio of net changes of peak backward (ΔP -) to forward (ΔP + ) pressure waves,
as previously described (Parker and Jones, 1990) 2) R dI -ratio of peak wave intensities
The ratio of peak backward wave intensity I -to peak forward wave intensity I + | | (7)
3) R I -ratio of net wave energies
The ratio of the net backward wave energy Ito the net forward wave energy I + | |
The sign of both R dI and R I is positive (+) if the reflected wave is the same sign as the incident wave and negative (-) if they are different, This definition corresponds to that used by (Mynard et al., 2008) .
4) R dI 0.5 -the square root of R dI
Because dI ± can be written in terms of dP ± 2 using the water hammer equation,
we also considered the reflection coefficient defined as the square root of R dI 
Each of the above techniques was used to calculate the reflection coefficient at each of the measurement sites along the mother tube. The average for each technique was calculated as the mean of all values determined along the mother tube.
Transmission coefficient
The transmission coefficient T is simply related to the reflection coefficient (Stergiopulos et al., 1996) .
R T  1
(12)
Analysis
Data were collected twice at each measurement site to ensure reproducibility, and the reported results are the mean values. Wave speed c of the mother tube is 20.2 m/s, which was determined by the foot-foot method and confirmed by compliance and mechanical tests.
Results
Wave separation
3.1.1 Pressure waveform separation the pulse wave is reflected and travels back towards the inlet of the mother tube, peak Palso decreases exponentially.
It is seen that the peaks of P + have almost the same magnitude in both setups, and the equations describing the decay have similar exponential terms. This is because the forward pressure wave is related to the pump, which generates the pulse wave and the mechanical properties of the mother tube, but not affected by the reflection. The peak of Pvaries with different daughter tubes, since they present different reflection coefficients. For a positive and negative reflection coefficients, Pis positive and negative respectively.
Separation of wave intensity and wave energy
The peak of wave intensity, dI ± , and wave energy, I ± , for sets A and F are shown in Figure 3c , d, e, f. dI ± and I ± follow similar patterns to that of pressure waves. The exponential decays dI + and I + show similarity in sets A and F, however, dIand Iare dissimilar between the two tubes due to the different reflection coefficients, shown in Figure 3c, d , e, f. To appreciate the pattern of differences between the two sets, the normalised P -, dIand Iare shown respectively in (Figure 4a, b, c) . The exponential equations of the curve fitting and correlation coefficient (r 2 ) are shown in Table 2 . The values of mean and local reflection coefficient measured closest to the reflection site are also shown in Table 3 , where the differences between the five approaches and the theoretical reflection coefficients are calculated. 
Mean reflection coefficient
Local reflection coefficient
Transmission coefficient
In order to examine the internal consistency of the experiments, the transmission coefficient was calculated using equation (12). Table 4 shows the theoretical transmission coefficient for all the tubes, using equation (12) 
Discussion
In this experimental study, we investigated whether local WIA measurements can be used to determine the local reflection coefficient. R dP , R dI 0 Our results indicate that mean values of R dP , R dI 0.5 and R I 0.5 are close to R t , whilst R dI and R I are smaller than R t (Figure 5) . The mean value of reflection coefficient accounts for all the reflections downstream the inlet of the mother tube in vitro. In their computational work Mynard et al. (2008) reported that under linear flow conditions, the square root of the magnitude of dI-derived coefficients, R dI 0.5 and R I 0.5 (power-type) are equal to the pressure-derived coefficient R dP (pressure-type) and they are all equal to the theoretical coefficient R t , although the absolute values of R dI and R I are smaller. We argue that applying the square root to R dI and R I , R dI 0.5 and R I 0.5 could also be considered as the 'pressure-type' coefficients. Using the water hammer equation (9), net wave intensity, , can be presented as , and equation (8) could be rewritten as , and . The same argument could also be applied to R I 0.5 . This approach explains why the values of R dI and R I are not comparable to R dP , but values of R dI 0.5 and R I 0.5 are, which is in agreement with the experimental results.
As the measurement site approaches the reflection site, the local reflection coefficient increases for the positive reflections (Figure 6a, b, c) and decreases for the negative reflections (Figure 6d, e, f) . The values of local reflection coefficients determined by wave intensity and wave energy close to the reflection site reached the theoretical reflection coefficients, the differences being less than 5%. These results clearly show that the local reflection coefficient is not the same along the tube, being smaller far from the reflection site. This result can be explained by considering wave dissipation. The peak of P + , dI + and I + decreased exponentially as the wave travelled forward (towards the reflection site), and similarly. P -, dIand Idecreased exponentially in the backward direction (towards the inlet). These results are in agreement with earlier experimental work in similar flexible tubes (Feng et al., 2007) .
Further, Figure 4 and Table 2 show that the exponential decay associated with the three positive reflections is similar, and likewise for the exponential decay associated with the three negative reflections. However, the exponential decay of the negative reflections is bigger than those of the positive reflections. These findings agree with those reported by Feng and Khir's (2008) , where they concluded that the dissipation of the expansion wave was greater than that of the compression wave. The results of the current experiments showed that R dP overestimated R t , which was somewhat surprising. A possible explanation is that as the wave crosses the reflection site, the front of the wave is reflected whilst the back of the wave is yet to be reflected. Hence, an increase in pressure is possible due to the coincidence of the two parts of the wave. This may increase the magnitude of the reflected wave, and consequently the reflection coefficient. This is illustrated in Figure 7 which is a sketch that shows a forward-travelling half-sine wave pressure pulse generated 6 m from the reflection site at x=0, where we considered the reflection coefficient is 0.5 and the transmission coefficient is 1.5. Close to the reflection site the reflected wave negligible, but less straightforward in the zone where the waves overlap producing a fairly complex waveform. In our experiment the mother tube is shorter than the length of the pulse wave, as it is in the aorta, and separation of the incident and reflected wave requires some signal analysis which can introduce errors into the determination of the reflection coefficient. Khir and Parker (2002) used WIA to study wave reflections and their timing in vitro. Further, magnitude and timing of reflected waves have been studied using WIA in the aorta (Koh et al., 1998; Khir and Parker, 2005) , in the coronary arteries (Sun et al., 2003; Davies et al., 2006) and in the carotid artery (Niki et al., 2002) . Furthermore,
As shown in
The ratio of Peak dIto peak dI + has been used in vivo to derive a 'reflection index' in the carotid (Manisty et al., 2009) , in the femoral artery (Borlotti et a., 2012) and in the brachial artery (Manisty et al., 2010) . The reflection index is an average of all the reflections arising from the numerous reflection sites in vivo, arriving back to the measurement site, as a ratio of the forward wave. The mean reflection coefficient shown in Figure 5 could resemble the reflection index that is currently being used in vivo as a measure of mean reflections in the arterial system. Although both techniques represent the mean reflections in a given system, we note there is an important difference. Mean value of the reflection coefficients in vitro is determined using multi-measurement sites along the mother tube, however, the reflection index is determined at a single measurement site using the multi-reflections of the multibranching system of the arterial tree.
Experimental and Analysis considerations:
In attempting to better understand how the waves are reflected and the effect of proximity to the reflection site, we sampled at smaller distances nearer end of the mother tube. We note that including more measurements taken at smaller distances near the reflection site could result in the proximal locations carrying higher weight in determining the mean value. However, the difference obtained by including and excluding the 5 cm measurements is predominantly smaller than the SD of the calculated value; thus we had no reason to exclude any data and our calculations includes the results of all measurements.
Limitation
This investigation was conducted in a single tube formed by joining two tubes together end to end. In order to isolate other reflections from the reflection generated from the connection of two tubes, the mother and daughter tubes are too long to be considered physiological. Notwithstanding, the arterial system is clearly more complex; a branching system of arteries all shorter than the length of the systolic wave. Therefore the results of the current experiments should be interpreted with caution.
In this study, no measurements were taken in the middle part of the mother tube because of the limited length of the pressure catheter (effective length 1.2 m). This is not expected to influence the interpretations of the results as the first few measurement sites of both upstream and downstream from the no-measurements region are similar.
Conclusions
In conclusion, we experimentally demonstrated that the local reflection coefficient can be determined by wave intensity and wave energy along flexible tubes.
All five parameters investigates have shown a similar pattern of a reduced measured reflection coefficient as the measurement site moves away from the site of reflection, and this is due wave dissipation. In our experiments, R dP , R dI 0.5 and R I 0.5 are the most reliable parameters to measure the mean reflection coefficient, whilst R dI and R I provide the best measure of the local reflection coefficient, closest to the reflection site. Additional work with bifurcations, tapered tubes and in vivo experiments are needed to further understand, validate the method and assess its potential clinical use.
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Figure 7
A sketch that demonstrates the complex waveforms resulting from the interaction of the incident and backward waves. The vertical axis is the pressure waveform normalised with initial pressure. In the mother tube (negative x) close to the reflection site (x=0), the temporal waveform (thick lines) is the summation of the backward-travelling reflection of the early part of the wave with the forwardtravelling latter part of the wave. Defining the magnitude of the incident and reflected waves in this region can be problematic.
